Pochonia chlamydosporia (Pc), a nematophagous fungus and root endophyte, uses 11 appressoria and extracellular enzymes, principally proteases, to infect the eggs of plant 12 parasitic nematodes (PPN). Unlike other fungi, Pc is resistant to chitosan, a deacetylated 13 form of chitin, used in agriculture as a biopesticide to control plant pathogens. In the 14 present work, we show that chitosan increases the incidence and severity of 15 Meloidogyne javanica egg parasitism by P. chlamydosporia. Using antibodies specific 16 to the Pc enzymes VCP1 (a subtilisin), and SCP1 (a serine carboxypeptidase), we 17 demonstrate chitosan elicitation of the fungal proteases during the parasitic process. 18
Plant-parasitic nematodes (PPN) are serious pests of all agricultural systems, causing 32 extensive economic losses (Davies and Elling, 2015) . The genus Meloidogyne is notable 33 due to the wide range of crops it parasitizes (Sahebani and Hadavi, 2008) . Control of 34 PPN is usually through chemical nematicides, but their use has been restricted because 35 of their toxicity, risk to the environment, high cost and low efficacy after repeated 36 applications (Dong and Zhang, 2006) . biopolymer chitin in addition to protein (Bird and McClure, 1976; Bird and Bird, 1991) . chlamydosporia have yet to be determined. Consequently, we investigate here the 84 effect of chitosan on appressorial differentiation, M. javanica egg parasitism and the 85 production of VCP1 and SCP1 serine proteases by P. chlamydosporia. In addition, we 86 use VCP1-and SCP1-specific antibodies to determine the spatio-temporal expression of 87 these enzymes during the parasitic process, and use phylogenetics to determine the 88 relatedness of Pc VCP1 and SCP1 in the S8 and S10 families of proteases. 89 90
Materials and Methods 91

Fungal and nematode cultures 92
The Pochonia chlamydosporia used in this work was the isolate Pc123 (ATCC No. Egg-infection bioassays were carried out using ten-well microscope slides (Waldemar 125 Knittel). Each well contained 20 µl (final volume) with approximately 10 surface-126 sterilized M. javanica eggs, chitosan at 0.1, 1.0, or 2.0 mg ml -1 , and 10 6 conidia ml -1 of 127 P. chlamydosporia. The slides were maintained in a moist chamber and wells without 128 chitosan were used as controls. There were three wells per treatment, and three 129 replicates for each period of incubation and fungal infections of eggs were scored daily 130 over a five-day period. Egg-infection was measured as described previously (Olivares-131
Bernabeu and Lopez-Llorca, 2002). We estimated incidence (frequency of infection) as 132 percentage of infected eggs and severity (degree of infection) as the average number of 133 penetrating hyphae per egg. Egg-infection was scored by visual observation using an 134
Olympus BH-2 microscope. Experiments were carried out three times. 135 136
Proteolytic activity assays 137
Fifty ml of growth medium (0.03% NaCl, 0.03% MgSO 4 ·7H 2 O, 0.03% K 2 HPO 4 , 0.02% 138 yeast extract (Sigma) and 1% (w/v) glass wool) contained in 250 ml Erlenmeyer flasks 139 were supplemented with 0.1 mg ml -1 , 1 mg ml -1 or 2 mg ml -1 chitosan. Medium without 140 chitosan was used as the control. Three agar plugs (5 mm diameter) taken from the 141 leading edge of 14-d-old fungal colonies were used to inoculate three replicate flasks for 142 each treatment, and flasks were incubated at 24 ºC in the dark for 30 days. Flask 143 contents were harvested at given times post-inoculation (1, 5, 10, 15, 19, 25 and 29 d), 144 and the culture filtrates recovered by filtration through polyvinylidene fluoride (PVDF) 145 membranes (0.22 µm pore size, Millipore) were stored at -20ºC (Palma-Guerrero et al. The P. chlamydoporia proteases studied here were SCP1 (serine carboxypeptidase 1, 174
GenBank accession no. GQ355960) and VCP1 (P. chlamydosporia var. chlamydosporia 175 alkaline serine protease, GenBank accession no. AJ427460). Polyclonal antisera specific 176 to these proteases (two antisera raised against VCP1, namely anti-VCP1-1 and anti-177 VCP1-2, and two against SCP1, namely anti-SCP1-1 and anti-SCP1-2) were generated 178 commercially in rabbits (Eurogentec) by using as immunogens two different 16-mer 179 synthetic peptides each, designed from the VCP1 and SCP1 protein sequences 180 ( Supplementary Fig.1 ). Based on reactivity of the four antisera with their target proteins 181 in dot blot assays ( Supplementary Fig.2 ), anti-VCP1-2 and anti-SCP1-2 were selected 182 for further use in immunoassays. 183
ELISA 184
The proteases VCP1 and SCP1 were detected in culture filtrates by using anti-VCP1-2 185 and anti-SCP1-2 antisera in enzyme-linked immunosorbent assay (ELISA). 
SDS-PAGE and Western blotting 201
Polyacrylamide gel electrophoresis was carried out using 4-20% Tris-HCl gradient gels 202 under denaturing conditions (Laemmli, 1970) . Samples were boiled for 10 min in the 203 presence of β-mercaptoethanol, and proteins were separated electrophoretically at 165V. 204
Pre-stained, broad-range markers (Bio-Rad) were used for molecular weight 205 determinations, and gels were stained for total protein with Coomassie Brilliant Blue 206 (G-250, Bio-Rad). For Western blots, proteins were transferred electrophoretically to 207 PVDF membrane (Immuno-Blot PVDF; Bio-Rad) for 2 h at 75V and membranes then 208 blocked for 16 h at 4ºC in PBS containing 1% (w/v) BSA. Blocked membranes were 209 then incubated with anti-VCP1-2 or anti-SCP1-2 antisera diluted 1:1000 in PBS 210 containing 0.5% BSA (PBSA) for 2 h at 23 ºC. After washing three times with PBS, 211 membranes were incubated for 1 h in goat anti-rabbit IgG alkaline phosphatase 212 conjugate (Sigma) diluted 1 in 5000 in PBSA. Membranes were washed twice with PBS, 213 once with PBST, and bound antibody visualized by incubation in substrate solution 214 (Thornton et al. 1993 ). Reactions were stopped by immersing membranes in dH 2 O 215 followed by air-drying between sheets of Whatman filter paper. For VCP1 and SCP1 gene expression studies we used the method described previosly 221 (Rosso et al. 2011) with adaptation for chitosan treatments. Briefly, 1×10 4 conidia were 222 inoculated into 150 ml of supplemented Czapek Dox broth media (NaNO 3 3 g l -1 , KCl 223 0.5 g l -1 , magnesium glycerophosphate 0.5g l -1 , FeSO 4 0.01 g l -, K 2 SO 4 0.35 g l -, sucrose 224 30 g l -, 0.5 g l -1 yeast extract) in 250 ml conical flasks and incubated at 25°C for 5 days 225 with constant shaking at 200 rpm. The resulting mycelium was harvested by filtration 226 and washed in sterile distilled water before transferring 0.5 g to flasks (three replicates 227 per treatment) each containing 50 ml of minimal medium (MM: sucrose 1mg l −1 , 228 NaNO 3 14mg l −1 , MgSO 4 0.25g l −1 , KCl 0.25 g l −1 , K 2 HPO 4 0.5 g l −1 , FeSO 4 0.06 g l −1 ). 229
Media also contained 0.1, 1 and 2 mg ml -1 chitosan, and flasks without chitosan were 230 used as controls. Flasks were incubated at 25°C with shaking (100 rpm), and samples 231 were taken 4 days after chitosan addition. Mycelium was collected by vacuum filtration, 232 frozen in liquid N 2 , lyophilized and stored at -80 °C until use. Total RNA was obtained 233
using TRIzol reagent (Life Tech) according to the manufacturer's instructions. Samples 234 were treated with DNase (1µl per 50 µl of total RNA, Turbo DNA-free, Ambion). The 235 resulting RNA was tested (without reverse transcription) in VCP1 specific PCRs to 236 ensure that they were DNA-free. Samples (germlings and infected eggs) were prepared as described previously. For 262 immuno-localization they were placed in superfrost slides and air-dried. The 263
immunofluorescence protocol used was that described previosly (Thornton and Talbot, 264 2006 ). Samples were incubated for 1 h at 23ºC with blocking buffer (10% Goat Serum 265 in PBS). Slides were washed three times with PBS and then incubated for 2 h with anti-266 VCP1 or anti-SCP1 pAbs diluted 1:200 in PBS. Slides were washed three times (5 min 267 each) with PBS and incubated for a further 30 min with goat-anti-rabbit polyvalent 268 FITC conjugate (Sigma) diluted 1:40 in PBS. Slides were given three 5 min rinses with 269 PBS, and wells were overlaid with coverslips mounted with Fluoromount (Sigma). All 270 incubation steps were performed at 23 ºC in a moist chamber. Fluorescence of samples 271 was visualized using a Leica TCS-SP2 laser-scanning confocal microscope. Samples 272 were excited with a 488 nm laser, the FITC was detected at 500-530 nm, and egg 273 autofluorescence was detected at 580-620 nm (Escudero and Lopez-Llorca, 2012). tree obtained was edited with the iTOL tool (Letunic and Bork, 2011; . 290
Statistical analysis 291 292
The effect of chitosan on appressorial differentiation was analyzed using GraphPad 293
Prism 5.0 software. Comparison of groups was performed using normality test of 294 Kolmogorov-Smirnov, followed by ANOVA. Comparison of means was tested using 295
Tukey test (p-value < 0.05). Egg-parasitism and VCP1 and SCP1 expression data were 296 checked for normality and homoscedasticity using the Shapiro-Wilk and Levene tests, 297
respectively. Data following a normal distribution were compared using ANOVA tests 298 for differences between treatments. Data were square root or log transformed when they 299 were not homoscedastic. The level of significance for all cases was 0.95. All statistical 300 analyses were performed with R version 2.11.1 (R Development Core Team, 2009). 301 302 3. Results 303
Chitosan promotes appressorial differentiation by P. chlamydosporia 304
Chitosan promoted differentiation of Pc germ tubes into appressoria (Fig. 1) . 305
Differences in appressorial development by Pc under moderate to high chitosan 306 concentrations (0.1 to 2 mg ml -1 ) were significantly higher compared to the control (no 307 chitosan). Under these conditions, numbers of appressoria were almost double those 308 found in the control. However, at low chitosan concentration (0.005 and 0.01 mg ml -1 ) 309 there were no significant differences compared to the control. 310 311
Chitosan increases the incidence and severity of nematode egg-infection by P. 312 chlamydosporia 313
There was a significant increase in the incidence (percentage of infected eggs) and ml -1 ) 96 h and 120 h after inoculation (Table 1 , Supplementary Fig 3) . By 96 h, 317 incidence was 16.6% in the control increasing to 66.6% for eggs treated with 1 mg ml -1 318 of chitosan. At 120 h the parasitism of control eggs (53.3%) was similar to the 0.1 mg 319 ml -1 chitosan treatment (50%), but at 1 and 2 mg ml -1 the incidences were both ca. 80%. 320
In these treatments, severity was also significantly (p>0.05) higher (42.4±2.7 and 321 53.4±7.7 hyphae/egg, respectively) than the control (10.4±2.0 hyphae/egg). 322 323
Electrophoretic detection of proteolytic activity in M. javanica eggs 324
Zymograms from supernatants of M. javanica eggs 10 days after inoculation with P. 325 chlamydosporia showed a band of proteolytic activity of ~34 kDa (Fig. 2 arrow) . This 326 band increased in intensity according to chitosan concentration (0.1, 1 and 2 mg ml -1 ) 327
corresponding to the known molecular weight of the Pc protease. Note high-molecular 328 weight proteolytic activity on top of the gel (especially with 0.1 mg ml -1 chitosan). 329 330
Effect of chitosan on P. chlamydosporia proteolytic activity 331
Proteolytic activity of P. chlamydosporia culture filtrates increased over time when 332 chitosan was used as main nutrient source (Fig. 3) . Compared to the control, chitosan 333 caused an approximate 2-fold (0.1 mg ml -1 ) to 4-fold (1 and 2 mg ml -1 ) increase in 334 proteolytic activities (Fig. 3A) . Proteolytic activities displayed sigmoidal kinetics with 335 maximum values at 15, 20 and 25 days after inoculation for 0.1, 1 and 2 mg ml -1 336 chitosan, respectively, compared to 5 days for the control (no chitosan). ELISA using 337 anti-VCP1 antiserum detected maximum production of the serine protease 25 days after 338 inoculation in cultures with 2 mg ml -1 chitosan (Fig. 3B) . In anti-SCP1 ELISA, greatest 339 production of this protease was found earlier (5 days after inoculation) in cultures with 340 1 mg ml -1 chitosan (Fig. 3C) . Changes in protease production were confirmed in 341 western blotting studies for samples growing at 2 mg ml -1 chitosan (Fig. 3D and 3E ) 342 which, for anti-VCP1, showed a ~32kDa immuno-reactive band which appeared at day 343 10 and then increased with time (up to 30 days). For SCP1, a ~72 kDa band was evident 344 at days 5-10 and then disappeared. Bands of lower molecular weight, which likely 345 correspond to fragments of proteolytic degradation, tended to appear later in the time 346 course. immuno-labelling in the fungal structures. Anti-VCP1 labelling was detected around 362 conidia (Fig. 5A arrow) and chitosan increased anti-VCP1 labelling in germlings ( Fig.  363 5B-D) compared to the control (Fig. 5A ). This was particularly evident at 2 mg ml -1 364 (Fig. 5D ). In chitosan-treated germlings, anti-VCP1 labelling was also found around the 365 conidia but at the tips of the germ-tube ( Fig. 5C arrows) . These differences were not 366 apparent for anti-SCP1, which labelled all germling structures irrespective of chitosan 367 treatments (Figs. 5I-L). In Pc-infected nematode eggs, both anti-VCP1 and anti-SCP1 368 antisera gave intense labelling of appressoria especially in areas with multiple sites of 369 egg penetration ( Figs. 5H and 5N, circles) . 370 371 372 373
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Effect of chitosan on expression of P. chlamydosporia Vcp1 and
Diversity of P. chlamydosporia S8 and S10 protease families 374
Interrogation of the Pc proteome with hmmsearch (package version 3.1b2) using as 375 query the Pfam domain (PF00082 and PF00450, respectively) and an e-value cut-off of 376 10 -10 , identified 23 putative S8 (Fig. 6A ) and 14 putative S10 (Fig. 6B) proteases. The 377
Pc S8 proteases (subtilisins) included VCP1 (Fig. 6A, S8A, bold) . Almost 52% (12) of 378 these had signal peptides and could therefore potentially be involved in egg-parasitism.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
13 Phylogeny revealed the existence of three main groups in the P. chlamydosporia S8 tree, 380 which we named S8A, S8B and S8C. S8A contained proteases with the Inhibitor_I9 381 domain (characteristic from digestive proteases), had a similar molecular weight, a 382 broad range of pI (4.9-9.3), relatively high similarity, and 12 of them we predicted to 383 contain a signal peptide. All of these features suggest a relatively recent expansion of 384 digestive enzymes with affinity towards different polarities. 385 S10 P. chlamydosporia proteases (serine carboxypeptidases) included SCP1 (Fig.  386   6B) . Ca. 43% (6) of them were secreted and could potentially be involved in egg-387 parasitism. We arbitrarily divided all the sequences in 6 groups, from S10 A to S10 F, 388 but we are aware that this might not correctly reflect the evolutionary history of these 389 sequences. Group S10 B, which included SCP1, contained two simple S10 proteases 390 with a putative signal peptide (Scp1 and Pc 1461). The other member, Pc_1463, had a 391 much higher molecular weight, apparent absence of signal peptide and a particular 392 architecture, composed by two Peptidase_S10 domains and an ADH zinc N domain (a 393 putative zinc-dependent alcohol dehydrogenase). 394
The phylogenetic trees (S8 and S10) of Pochonia chlamydosporia in the context 395 of five fungi closely related at genome level (Beauveria bassiana, Metarhizium 396 anisopliae, Metarhizium acridum, Hypocrea virens and Claviceps purpurea) revealed 397 some interesting evolutionary patterns ( Supplementary Fig.4 and Supplementary Fig.5) . 398
In the S8 tree ( Supplementary Fig.4 ) several sequences exhibited duplication events or 399 different degrees of disagreement with the species phylogeny that may have arisen due 400 to artefacts in tree reconstruction, differential loss or potential interfungal horizontal 401 gene transfer. S10 phylogenies of Pochonia chlamydosporia and associated fungal 402 sequences showed some interesting patterns ( Supplementary Fig5) Furthermore, this group is nested between two other sequences from Pochonia, Pc 406 9453/Pc 9168. S10 family genes appear independently duplicated in P. chlamydosporia, 407 but unlike the S8 family, no particular gene expansion can be observed in other species. 408
Duplication events in this P. chlamydosporia family seem to be more common than in 2015). In this paper, we found that chitosan strongly induced appressorial differentiation 423 in P. chlamydosporia (Pc) on a hydrophobic surface and on PPN eggs and increased 424 incidence and severity of egg-infection. The mechanism for this enhanced infectivity is 425 unknown, but we have shown that chitosan stimulates the production of proteases 426 We have previously showen that the P. chlamydosporia genome has expanded 441 proteases and in many families (Larriba et al. 2014 ). This prompted us to further 442 investigate the evolution and characteristics of the S8 and S10 families including VPC1 Chitin increased proteolytic activity in the nematophagous fungi Pc (Tikhonov et al. 461 2002) and Paecilomyces lilacinus (Bonants et al. 1995) and in the entomopathogenic 462 fungus M. anisopliae (St Leger et al. 1996 ). Furthermore, chitin was shown to be a 463 stronger inducer of Pc VCP1 protease than gelatin (Esteves et al. 2009 ). However, we 464 chose to study chitosan since it is water soluble, and we found it to be a stronger inducer 465 analysing gene expression where, Scp1 induction by chitosan was higher than that of 474 Vcp1, 4 days after chitosan exposure. In our ELISA experiments VCP1 production was 475 not immunodetected after 5 days of Pc growth with chitosan. On the contrary at that 476 time chitosan at most concentrations increased production of SPC1. Ward et al. (2012) 477 detected that Vcp1 was repressed at an early stage by ammonium chloride. However, 478 later the nitrogen compound increased expression of this gene. In view of our results, 479
we hypothesized that SCP1 could act earlier than VCP1 in RNK egg-parasitism, an 480 endopeptidase with preference to cleave after hydrophobic residues (MEROPS). VCP1 481 could play a later role and perhaps contribute largely to the bulk of proteolytic activity 482 (found in our study at late stages) in view of its smaller molecular size. 483
We immunolocalized VCP1 and SCP1 in P. chlamydosporia germlings and when 484 parasiting M. javanica eggs. VCP1 was found secreted in P. chlamydosporia germlings 485 around the conidium cell wall. Conversely, SCP1 covered all germling surface. We do 486 not have a clear explanation for this different behaviour. Chitosan addition increased 487 anti-VCP1 labelling in the germ tube and hyphal tip, suggesting either increased 488 synthesis or secretion of the protease. To this respect, hyphal tips are known areas for 489 enhanced secretion of extracellular enzymes such as proteases (Archer and Wood, 1995) . 490
Conclusions 491
To conclude, we show that chitosan increased P. chlamydosporia parasitism to M. 492 javanica eggs, stimulated appressorial differentiation and induced Vcp1 and Spc1 (Fig.  493   7) . These factors together could explain the higher P. chlamydosporia parasitism when 494 chitosan was added to the medium. We suggest the trigger for enhanced secretion of 495 serine proteases and parasitism could be a ROS burst. Chitosan has been recently shown 496 to increase ROS production associated with membrane permeability in N. crassa 497 
